Introduction {#sec1}
============

Most pathogens involved in recent emerging infectious diseases (EIDs) events are bacteria,^[@ref1],[@ref2]^ and the emergence of drug-resistant bacterial strains is typically represented.^[@ref3]^ Although antibiotics are used to combat bacterial EIDs,^[@ref4]^ the systemic antibiotic treatment can cause adverse side effects including hepatic and renal toxicity.^[@ref5],[@ref6]^ Worse still, conventional antibiotics show very limited effectiveness and induce antibiotic resistance of bacteria.^[@ref7]−[@ref9]^ Biofilm formation is considered to be vital to the drug resistance of bacteria,^[@ref10]−[@ref12]^ and the biofilm matrix acts as a natural barrier to drug penetration and activation.^[@ref13]^ The biofilm matrix containing exopolymeric substances (EPS) causes diffusion-reaction inhibition for antibiotics.^[@ref14]−[@ref16]^ Moreover, because of the metabolic activity of the bacteria and host immune response, there is an inherent acidic microenvironment (pH values of 4.5--6.5) within the biofilm,^[@ref17]−[@ref21]^ which reduces the activity of most antibiotics.^[@ref22]^

Recent advances in nanotechnology have provided promising alternative approaches to combat biofilms.^[@ref23]−[@ref26]^ Nanoparticles with intrinsic antimicrobial activity, including silver nanoparticles,^[@ref27]^ zinc oxide nanoparticles,^[@ref28]^ and iron oxide nanoparticles,^[@ref29]^ are of great potential as nanoscale nanoantibiotics. Among them, silver nanoparticles (AgNPs) have been demonstrated to be effective in a broad spectrum of antibacterial applications and widely used in daily life.^[@ref30]−[@ref33]^ Silver ions leaching from AgNPs play the main role in killing bacteria by interacting with thiol groups of vital enzymes in bacteria.^[@ref34],[@ref35]^ Unlike traditional antibiotics, the ion-leaching-based bactericidal effect of AgNPs is not suppressed in the acidic microenvironment of the biofilm.^[@ref36],[@ref37]^ Particularly for extremely small silver nanoclusters, their huge specific surface areas are highly susceptible to oxidative dissolution, facilitating silver ion release for enhanced activity.^[@ref38]−[@ref40]^ However, the limited penetration in the biofilm^[@ref41]−[@ref44]^ and the potential toxicity of released silver ions during the in vivo circulation of AgNPs^[@ref45]^ remain knotty problems to be settled for in vivo bactericidal applications.

It is noteworthy that particle size and surface charge are crucial factors in nanoparticle-based drug delivery systems, which determine their blood half-lives, biodistribution, tissue penetration, biological activity, and so on.^[@ref46]−[@ref50]^ Long-circulating nanoparticles are liable to accumulate at the infection site because the host inflammatory response can increase the vascular permeability of the local tissue.^[@ref51]^ After then, the negative surface of bacteria can be utilized to enhance the retention of nanoparticles via electrostatic interaction.^[@ref52],[@ref53]^ Moreover, compared to large nanoparticles of limited biofilm penetration capability,^[@ref52]^ small nanoparticles with a size of \<20 nm have been reported to penetrate the biofilm with deep layers.^[@ref53]−[@ref55]^ Nevertheless, homing and deep penetration into the biofilm and in situ amplified bactericidal activity are of great importance for the effective antibiofilm application yet are challenging for currently existing nanoantibiotics.

Controllable assembly/disassembly is a reliable way to fine tune the biological activities of nanomedicines.^[@ref56]−[@ref61]^ A series of stimuli-responsive peptide self-assemblies have been developed by Wang's group for in vivo pathogen-specific detection and therapy.^[@ref51],[@ref62]−[@ref64]^ Moreover, our previous works have demonstrated that retaining the stable assembled form but performing in situ disassembly triggered by the disease microenvironment stimulus is highly effective for targeted delivery and retention.^[@ref65]−[@ref68]^ Herein, we hypothesized that the simultaneous biofilm homing and deep penetration and locally amplified bactericidal activity of inorganic nanoparticle-based nanoantibiotics can be achieved via controlled assembly/disassembly strategy using rationally designed biofilm-responsive surface ligands. To demonstrate the proof of concept, we synthesized biofilm-responsive nanoantibiotics (rAgNAs) composed of self-assembled extremely small silver nanoclusters (AgNCs) and the pH-sensitive charge reversal ligand of poly(ethylene glycol)-poly(aminopropyl imidazole-aspartate)-polyalanine (PEG-PSB-PALA). The rAgNAs with high colloid stability and negative charge are supposed to circulate for a long time and gradually accumulate in the biofilm infection site. Once arriving there, the protonation of imidazole groups of PEG-PSB-PALA triggered by the acidic microenvironment of the biofilm^[@ref22],[@ref52],[@ref69]−[@ref71]^ leads to the increased electrostatic repulsion and consequently induces disassembly. Importantly, the silver ion leaching can be tremendously accelerated from the surface of the disassembled nanoantibiotics in the acidic microenvironment. In contrast to previously reported nanoantibiotics, the herein proposed biofilm-responsive nanoantibiotics can not only achieve enhanced accumulation and penetration in the biofilm but also have a locally activated bactericidal effect ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). On the basis of the unique properties of as-constructed nanoantibiotics involving acidic biofilm microenvironment-responsive structural transition and bactericidal effect amplification, we successfully demonstrate the highly effective treatments against bacterial biofilm-associated severe pyomyositis.

![pH-controlled assembly/disassembly strategy for the fabrication of biofilm-responsive nanoantibiotics (rAgNAs) to enhance the treatment of biofilm-associated infections. (a) rAgNAs with high colloid stability and negative charge are supposed to circulate for a long time in vivo. (b) Once in the acidic microenvironment of the biofilm, the rAgNAs go through charge reversal triggered by the protonation of the imidazole groups and tend to accumulate in the biofilm area owing to the electrostatic interaction. (c) Increased electrostatic repulsion consequently leads to disassembly, and a size transition takes place, which is beneficial to the enhanced penetration of the biofilm. (d) Silver ion leaching can be tremendously accelerated from the surface of the disassembled nanoantibiotics in the acidic microenvironment, and thus rAgNAs are able to exhibit locally amplified bactericidal effects.](oc-2019-003596_0001){#fig1}

Results and Discussion {#sec2}
======================

Synthesis and Characterization of the rAgNAs {#sec2.1}
--------------------------------------------

rAgNAs were constructed by the self-assembly of silver nanoclusters and pH-sensitive charge reversal ligand (PEG-PSB-PALA). The imidazole group of PEG-PSB-PALA is ionized as the pH value decreases to enable the disassembly of rAgNAs in an acidic microenvironment ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Silver nanoclusters were synthesized in an organic solvent^[@ref72]^ with a diameter of ∼3.8 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), and a high-resolution transmission electron microscope (HRTEM) image ([Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)) as well as an X-ray diffraction (XRD) pattern ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)) demonstrated the face-centered-cubic structure of silver nanoparticles according to powder diffraction standards file no. 04-0783. PEG-PSB-PALA was synthesized through ring-opening polymerization and aminolysis with 1-(3-aminopropyl)imidazole (API) (details in [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). PEG-PSB-PALA solution had a buffering capability during titration, with a p*K*~a~ of about 6.5 due to the ionization of the imidazole groups ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). Spherical silver nanoassemblies (rAgNAs) were subsequently formed via the thin-film dispersion method.^[@ref73]^ Infrared spectroscopy (IR) spectra revealed the disappearance of the amino group after self-assembly ([Figure S5a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)), indicating the affinity between the hydrophobic segment of the polymer (polyalanine) and AgNCs.^[@ref74]^ Moreover, according to the XRD pattern of rAgNAs, the assembly process did not change the crystalline phase of AgNCs ([Figure S5b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). As the pH decreased from 7.4 to 5.5, transmission electron microscope (TEM) images revealed that rAgNAs were well dispersed in neutral solution while being disassembled into isolated AgNCs in acidic solution ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c), accompanied by a dramatically reduced hydrodynamic size from ∼150 to ∼8 nm as observed via the dynamic light scattering (DLS) measurement ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d) and the solution becoming transparent ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e and [Figure S6a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). Besides, a charge switch was also presented from −3.85 ± 0.52 to 28.77 ± 1.00 mV as the pH decreased ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f). The pH-induced disassembly process of rAgNAs was also monitored by ultraviolet-visible (UV-vis) absorption spectrophotometry,^[@ref75]−[@ref78]^ and the absorption peak was blue-shifted from 425 to 411 nm with a narrower width as the pH decreased ([Figure S6b,c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). Moreover, rAgNAs remained stable in the 10% serum-containing media without a noticeable hydrodynamic size change for 1 week ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)), indicating the excellent colloidal stability in vivo. Furthermore, by removing the imidazole group from the system, silver nanoassemblies (uAgNAs) composed of AgNCs and poly(ethylene glycol)-poly(β-benzil-ι-aspartate)-polyalanine (PEG-PIB-PALA) were not able to present pH-dependent performance, as evidenced by neither a size transition ([Figure S8a,b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)) nor a peak shift in UV--vis absorption spectra ([Figure S8c,d](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). Interestingly, the silver ions' leaching of the rAgNAs was tremendously accelerated in an acidic environment as attributed to the pH-responsive disassembly ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}g), indicating the reduced systemic side effects and local activation in the biofilm.

![Fabrication and characterization of pH-responsive nanoantibiotics (rAgNAs). (a) Schematic illustration of the design and construction of rAgNAs as well as the mechanism explanation. (b) TEM image of silver nanoclusters (AgNCs). (c) TEM images of rAgNAs at pH 7.4 and 5.5. (d) DLS size measurement of rAgNAs at pH 7.4 and 5.5. (e) Transmittance of rAgNAs in PBS with different pH values. The concentration of rAgNAs was 500 μg mL^--1^. The photographs (inset) presented the appearance of rAgNAs under different pH conditions. (f) Surface charge of rAgNAs along with changes in the pH value (*n* = 3). (g) Cumulative silver ion release amount at pH 7.4 and 5.5 (*n* = 3). The concentration for the releasing study of assemblies was 1 mg mL^--1^. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\*\**P* \< 0.0001.](oc-2019-003596_0002){#fig2}

Bactericidal Effect of rAgNAs in Vitro {#sec2.2}
--------------------------------------

Drug-resistant bacteria has posed a huge threat to public health.^[@ref79]^ Here the methicillin-resistant *Staphylococcus aureus* (MRSA) isolated from clinical samples was used as the typical pathogen. The pH-responsive bactericidal effect of rAgNAs was explored on both planktonic bacteria and a bacterial biofilm. For planktonic bacteria, the growth curve of bacteria that was treated with rAgNAs over 18 h was recorded ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), and the visible growth of bacteria was completely inhibited by rAgNAs treatment with a minimal inhibitory concentration (MIC) of ∼50 μg mL^--1^. Then, a bacterial suspension that had been treated for 18 h was placed on an agar plate to incubate for another 24 h. From the results of bacterial colonies formed in agar plates ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b), the minimal bactericidal concentration (MBC) of rAgNAs was ∼50 μg mL^--1^. The observed MBC was identical to the MIC, indicating minimal tolerance (MBC/MIC) and a bactericidal effect of rAgNAs.^[@ref80]^ Moreover, under the acidic condition, the MIC of rAgNAs is significantly reduced, showing an enhanced antibacterial effect ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). It has been reported that a large amount of organic acid is secreted during bacterial metabolism, which naturally decreases the extracellular pH and influences the activity of rAgNAs.^[@ref81]^ To further investigate the pH-responsive bactericidal activity, a coculture of bacteria with rAgNAs for 12 h in the medium that maintained a neutral pH by adjusting the pH every 2 h was used ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c, in contrast to uAgNAs, the activity of rAgNAs can be significantly reduced in the medium maintained at pH 7.4, demonstrating the selective amplified activity of rAgNAs in an acidic microenvironment. According to the morphology of planktonic bacteria that were cocultured with rAgNAs for 6 h, membrane blebbing and structural damage to bacteria were observed via scanning electron microscopy (SEM) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d) and TEM images ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e), implying that the bactericidal effect of rAgNAs to planktonic bacteria was caused by silver ion leaching to destroy the integrity of the membrane.^[@ref82]^ Notably, the in vitro bactericidal effect of rAgNAs on planktonic bacteria was comparable to that of vancomycin ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}f).

![Evaluation of the antibacterial effect of rAgNAs on planktonic bacteria and a bacterial biofilm in vitro. (a) Monitoring of the growth curve of planktonic MRSA cocultured with rAgNAs with different concentrations. (b) Colony formation of planktonic MRSA on the agar after being cocultured with different concentrations of rAgNAs. (c) Evaluation of the relative growth of planktonic MRSA cocultured with rAgNAs or uAgNAs in a medium with or without pH adjustment with a concentration of 100 μg mL^--1^. \*\*\*\**P* \< 0.0001. (d, e) Morphologies of planktonic MRSA before and after being cocultured with rAgNAs, characterized via SEM (d) and TEM (e). (f) Colony formation of planktonic MRSA on the agar after being cocultured with a therapeutic agent with a concentration of 200 μg mL^--1^. (g) Total bioburden of the MRSA biofilm after treatment (*n* = 4). \*\*\*\**P* \< 0.0001. (h) Viability of the biofilm bacteria after treatment (*n* = 4). \**P* \< 0.05 and \*\**P* \< 0.01. (i) Representative images of Syto green/PI staining of a biofilm to investigate the membrane permeability of bacteria in the biofilm. Scale bar, 50 μm.](oc-2019-003596_0003){#fig3}

To further study the biofilm microenvironment activatable antibacterial performance of rAgNAs, mature biofilms were further constructed^[@ref80]^ by seeding MRSA into 96-well plates and incubating at 37 °C for 48 h with gentle shaking. The total bioburden content of the biofilm was determined by crystal violet staining. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}g shows the total biomass content of untreated and various antibacterial agent-treated MRSA biofilms. Among several tested antibacterial agents, rAgNAs of 4-fold MIC-dosage-treated biofilms exhibited a significant reduction (about 72.9%) in the total bioburden whereas uAgNAs or vancomycin caused only an 8--25% reduction, indicating that the MRSA biofilm was more susceptible to the toxicity of rAgNAs. Subsequently, the bacterial viability of the untreated and various antibacterial-agent-treated MRSA biofilms was further explored according to the colony formation on the agar ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}h). rAgNAs-treated biofilm bacteria had the lowest survival of less than 5% of the control at a 4-fold MIC dosage, confirming the results obtained from crystal violet staining. Afterward, Syto green/propidium iodide (PI) staining of the biofilm bacteria was performed to further verify the bactericidal effect of rAgNAs. Syto green is able to stain the live bacteria with an intact membrane showing green fluorescence while PI can enter only the bacteria with damaged membranes representing red fluorescence. According to the typical photographs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}i) obtained from confocal laser scanning microscopy (CLSM), rAgNAs-treated biofilm bacteria exhibited the highest ratio of red/green fluorescence via quantitative statistics ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)), indicating that rAgNAs could increase the membrane permeability of biofilm bacteria significantly, which was one of the signals of the bactericidal effect. The treatment of MRSA biofilms with vancomycin was not effective owing to the diffusion-reaction inhibition effect^[@ref83],[@ref84]^ and the reduced activity in the acidic biofilm microenvironment.^[@ref22],[@ref85]^

Exploration of the Mutual Interaction between Biofilm and rAgNAs {#sec2.3}
----------------------------------------------------------------

According to the composition of rAgNAs and uAgNAs as well as the silver ions' release profile, both of them can perform acidic microenvironment accelerated silver ion leaching. However, uAgNAs showed no significant antibiofilm effect according to the above exploration. Thus, apart from the difference in the silver ion leaching rate, the mutual interaction between the biofilm and rAgNAs is hypothetically taken into consideration. By investigation of the *z*-axis scanning images shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, rhodamine B isothiocyanate (RITC)-labeled rAgNAs could penetrate and accumulate in the biofilm whereas RITC-labeled uAgNAs were retained a little on the top side of the biofilm. Furthermore, there was an affinity between rAgNAs and biofilm bacteria because RITC-labeled rAgNAs were observed to colocalize with Hoechst 33258-stained bacteria ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b--d).

![Enhanced accumulation and deep penetration of rAgNAs for the biofilm-amplified bactericidal effect. (a) Penetration of RITC-labeled rAgNAs or uAgNAs into bacterial biofilm as characterized by CLSM. (b--d) Merged fluorescence micrographs of bacteria in the biofilm (blue fluorescence) and PBS (b), RITC-labeled uAgNAs (c), or rAgNAs (d). The scale bar is 5 μm. (e) Schematic illustration of the enhanced accumulation and penetration of rAgNAs to the biofilm via the pH-responsive size transition and charge reversal, which can be attributed to the biofilm amplified bactericidal effect of rAgNAs on the bacteria in the biofilm.](oc-2019-003596_0004){#fig4}

Therefore, the superiority of rAgNAs for antibiofilms can be attributed to the (i) acidic microenvironment of the biofilm actuated size transition and charge reversal for enhanced accumulation and penetration in the biofilm and (ii) dual accelerated silver ion leaching by structural disassembly and an acidic microenvironment for the locally amplified bactericidal effect ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e). Initially, because of the pH-sensitive size transition, rAgNAs could arrive at the deep side of the biofilm. In the meantime, charge reversal occurs and the positive disassembled rAgNAs anchor on the negative surface of bacteria via electrostatic interaction. Subsequently, the reduced size of rAgNAs after disassembly and the acidic microenvironment in the biofilm accelerate silver ion leaching synergistically. Finally, the biofilm amplified bactericidal effect causes the eradication of the biofilm. In contrast, lacking in pH sensitivity, uAgNAs showed limited penetration and accumulation in the biofilm and failed to activate themselves for the antibiofilm.

Exploration of the Antibiofilm Effect of rAgNAs in Vivo {#sec2.4}
-------------------------------------------------------

*Staphylococcus aureus* is a pathogenic bacterium for many diseases, and pyomyositis is one of them. Pyomyositis refers to a bacterial infection of the muscles and most often is caused by *Staphylococcus aureus*. Moreover, pyomyositis is a deep-seated biofilm-associated infection.^[@ref86],[@ref87]^ Without effective therapy in time, the progression of pyomyositis can lead to limb dysfunction, a systemic inflammatory response, and even death. Although antibiotics combined with abscess excision is the clinically adopted strategy for controlling the progression of pyomyositis, it is necessary to develop a novel effective bactericidal agent to avoid superinfection during surgery. Considering the potential antibiofilm effect of rAgNAs with enhanced penetration and accumulation as well as the locally amplified bactericidal effect in vitro, a pyomyositis mice model was developed for further in vivo bactericidal effect exploration ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The mice were treated with cyclophosphamide (CP) for neutropenia, and then MRSA was injected intramuscularly into the rear thigh ([Figure S12a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). The increased creatine kinase level implied the successful establishment of the pyomyositis model ([Figure S12b](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). The biodistribution of rAgNAs in the model mice was first explored. After the intravenous injection of rAgNAs, the amount of silver in the infected muscle significantly increased 8 h postinjection and remained stable for 24 h postinjection ([Figure S13a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). Moreover, from the ex vivo fluorescence images of the model mice after treatment with RITC-labeled rAgNAs, the high fluorescence intensity in the infected thighs demonstrated the efficient accumulation of rAgNAs in the infection site ([Figure S13a](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). The successful biofilm-targeted delivery of rAgNAs was attributed to their excellent colloidal stability, which enabled a long-term circulation in vivo before gradually accumulating in the biofilm.^[@ref49],[@ref51]^

![Treatment of multi-drug-resistant biofilm-induced severe pyomyositis using rAgNAs. (a) Schematic illustration of rAgNAs' potential therapy in biofilm-induced severe pyomyositis. Without effective therapy in time, severe pyomyositis could lead to limb dysfunction and even a systemic inflammatory response, which might finally cause death. However, bacterial-biofilm-activatable nanoantibiotic rAgNAs that could be actuated by the acidic microenvironment and go through enhanced penetration and accumulation as well as local amplified bactericidal effect are able to control the progression. (b) Time line and strategy for the therapeutic process. (c) Percent survival curve after different treatments on the mice with severe pyomyositis (*n* = 15). (d) Clinical scores of mice during therapy (*n* = 15). (e) Ultrasound images of the infected thighs of the mice with severe pyomyositis during therapy. (f) Gram staining of the sections from infected thighs. The scale bar is 100 μm. (g) Number of bacteria in thighs in the severe pyomyositis mice model after therapy. \*\**P* \< 0.01. (h) Levels of serum TNF-α of the mice with severe pyomyositis on day 10 after treatment (*n* = 5). Mice in the negative control were treated only with CP. \**P* \< 0.05.](oc-2019-003596_0005){#fig5}

The time line and the therapeutic process are illustrated in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c, rAgNAs could reduce the mortality rate significantly after 10 days of treatment, and the survival rates of the control group and of the PEG-PSB-PALA-, vancomycin-, and uAgNAs-treated groups were 22.88, 56.10, 42.42, and 54.17%, respectively. Although vancomycin is considered to be the "last resort" against resistant pathogens, the limitation in the effective delivery and activation in the biofilm suppresses its efficacy in vivo. During 10 days of treatment, mice were weighted and assessed for disease signs every 24 h. The mice without therapy showed significantly less body weight gain whereas the rAgNAs-treated group effectively recovered from the loss of weight after infection ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)). Clinical scores were assessed according to the following scale: 0, no disease signs; 1, ruffled fur; 2, very mild hind limb weakness; 3, mild hind limb weakness; 4, moderate hind limb weakness; 5, severe hind limb weakness/dragging; 6, complete loss of hind limb function; 7, moribund; and 8, death.^[@ref88]^ After infection, mice of every group exhibited very mild or mild hind limb weakness. Without treatment (blank group), mice suffered from deteriorated symptoms rapidly, and severe hind limb weakness was presented, with the hind limb function being completely lost in several mice on day 1. The treatment with PEG-PSB-PALA, vancomycin, or uAgNAs was not very effective at suppressing the progression, whereas rAgNAs were able to suppress the symptoms of deterioration ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d), which was further verified by the real-time ultrasound images ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e). Notably, the biofilm was disrupted by rAgNAs as confirmed by the pathological examination ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}f), revealing less accumulated bacteria in the rAgNAs-treated group. Interestingly, the rAgNAs-treated group preserved the tight junctions of muscle cells and maintained the complete muscle structure. On day 10, after treatment, the mice were sacrificed, and the infected thighs were harvested and the muscle was homogenized in phosphate-buffered saline (PBS). rAgNAs could significantly reduce the amount of bacteria in the infectious site according to [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}g. The superiority of rAgNAs was also confirmed by the assessment of the serum TNF-α levels via the enzyme-linked immunosorbent assay (ELISA). All of these therapeutic agents themselves would not induce systemic inflammation ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)), whereas the mice with severe pyomyositis in the rAgNAs-treated group had significantly lower systemic inflammation levels ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}h), indicating the inhibition of the further progression of infection. In addition, the serum biochemical analysis ([Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)) and the histopathological examination of major organs ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf)) demonstrated that rAgNAs highly biocompatible.

Conclusions {#sec3}
===========

Biofilm-microenvironment-responsive nanoantibiotics (rAgNAs) were successfully fabricated by the self-assembly of ultrasmall AgNCs and biofilm-responsive polymeric ligands. The acidic microenvironment of the biofilm triggered ligand protonation and the disassembly of rAgNAs, allowing for enhanced retention and penetration in the biofilm. Furthermore, the accelerated silver ions leaching from isolated AgNCs efficiently killed the bacteria inside the biofilm by damaging the cell membrane. In contrast to conventional antimicrobial agents with limited penetration and inhibited activity, the therapeutic activity of rAgNAs is boosted by the acidic biofilm microenvironment. The outstanding therapeutic effect of rAgNAs was verified on a methicillin-resistant *Staphylococcus aureus* infection model both in vitro and in vivo. Importantly, the mortality rate of mice with biofilm-induced severe pyomyositis can be significantly reduced by rAgNAs in vivo. The rAgNAs-treated group preserved the tight junctions and structure of the muscle, revealing no toxicity to healthy tissues. Overall, we have developed a biofilm-responsive nanoantibiotic with simultaneous biofilm homing and deep penetration as well as locally amplified bactericidal activity in the biofilm microenvironment, showing immense therapeutic potential in the treatment of drug-resistant bacterial biofilm-associated infectious diseases.

Methods {#sec4}
=======

Materials {#sec4.1}
---------

All reagents and solvents obtained commercially were used without further purification. Triphosgene, ι-aspartate acid β-benzyl ester (Bla), tetrahydrofuran (THF), alanine, silver nitrate, oleylamine (C18, 80%--90%), oleic acid (technical grade, 90%), crystal violet, propidium iodide (PI), ethyl acetate (EA), dichloromethane (CH~2~Cl~2~), *N*,*N*-dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) were purchased from Aladdin Inc. (Shanghai, China). Sodium hydroxide, sodium chloride, diethyl ether, hydrochloric acid (HCl), toluene, ethanol, chloroform, and acetic acid were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Rhodamine B isothiocyanate (RITC) and 1-(3-aminopropyl) imidazole (API) were obtained from Sigma-Aldrich Co. (St. Louis, MO). Methoxypolyethylene glycol amine (mPEG-NH~2~, MW = 5000 Da) was produced by Ziqi Biotechnology Co., Ltd. (Shanghai, China). Tryptone soy broth (TSB) was obtained from Hangzhou Microbial Reagent Co., Ltd. (Hangzhou, China). Syto green and Hoechst 33258 were purchased from KeyGEN BioTECH Co., Ltd. (Jiangsu, China).

Preparation of pH-Responsive Silver Nanoassemblies and Unresponsive Silver Nanoassemblies {#sec4.2}
-----------------------------------------------------------------------------------------

A film dispersion method was adopted to prepare silver nanoassemblies. Briefly, polymer (PEG-PSB-PALA for rAgNAs and PEG-PIB-PALA for uAgNAs, 3.3 mg) was dissolved in the mixture solvents, which were composed of ethanol (1 mL) and PBS (0.01 M, pH 7.4, 0.1 mL). The solution of polymer (1 mL) was added to chloroform solution (1 mL) containing silver nanoclusters (1.5 mg) and stirred for 1 h at room temperature. Then the mixture was evaporated under vacuum to form a film. Finally, PBS (2 mL) was added and water-bath sonication was adopted to obtained the products.

Characterization {#sec4.3}
----------------

The hydrodynamic size, zeta potential, transmittance, and UV absorption of rAgNAs were characterized in PBS at different pH values. The stability of rAgNAs in serum-containing media was evaluated in both 10% fetal bovine serum (FBS) containing PBS (FBS/PBS) and 10% FBS containing Dulbecco's Modified Eagle's Medium (FBS/DMEM) via a dynamic light scattering (DLS) study. Moreover, silver ion release profiles were obtained using a dialysis method. Assemblies (rAgNAs or uAgNAs, 1 mL) were put inside a dialysis bag (MW = 8000--14 000 Da), and PBS (0.01 M, 9 mL) at pH 7.4 or 5.5 was applied as the releasing medium. At set time points, the releasing medium was replaced and the released silver ions were evaluated by inductively coupled plasma--mass spectrometry (ICP--MS, PerkinElmer NexION 300X).

In Vitro Antibacterial Tests on Planktonic Bacteria {#sec4.4}
---------------------------------------------------

No unexpected or unusually high safety hazards were encountered during the antibacterial and antibiofilm tests' in vitro and in vivo evaluations. The bacterial strain tested in this study was a multi-drug-resistant *Staphylococcus aureus* (MRSA) isolated from the clinical samples. In brief, 100 μL of bacterial suspensions with OD = 0.04 and 100 μL of the rAgNAs with different concentrations was added to each well of a 96-well plate. During coincubation for a period of up to 18 h, turbidity measurements were conducted every hour to monitor the growth of bacteria in real time. After 18 h, bacterial cultures were plated on TSB agar and incubated for another 24 h to observe the number of colonies. To further check the bacterial morphology, bacteria were fixed with 2.5% glutaraldehyde in phosphate buffer overnight after incubation with the assemblies for 6 h, and then the sample was postfixed with 1% OsO~4~ for 1.5 h. Following fixation, the samples were dehydrated with a graded series of ethanol (from 30 to 100%). The morphology of the bacteria was observed with Hitachi H7650 TEM and Hitachi SU8010 SEM.

In Vitro Antibiofilm Tests {#sec4.5}
--------------------------

The bacterial strain being tested was grown from frozen stock in TSB for 24 h at 37 °C in 5% CO~2~. A bacterial suspension (200 μL) diluted 1:100 (OD~600~ = 0.01) in TSB + 1% glucose was added to each well and incubated for 48 h to form a mature biofilm. rAgNAs in TSB (100 μL) + 1% glucose were prepared in a flat-bottomed 96-well microplate (Costar, Corning). Control wells without any therapeutic agent were also prepared. In addition to bare pH-responsive polymer, uAgNAs and vancomycin were applied as controls. After incubation for 24 h at 37 °C in 5% CO~2~ under aerobic conditions, spent media and free-floating bacteria were removed by turning over the plates. The wells were vigorously rinsed a minimum of three times with doubly distilled water (DDW). Next, 0.05% crystal violet (50 μL) was added to each well after fixation with methanol for 15 min. After 5 min, wells were vigorously rinsed three times with DDW to remove the unbound dye. After 33% acetic acid (200 μL) was added to each well, the plate was shaken for 15 min to release the dye. Biofilm formation was quantified by measuring the difference between the absorbance of untreated and treated bacterial samples for each tested concentration of the compounds and the absorbance of appropriate blank wells at 570 nm (*A*~570~) using a plate reader. For bacterial activity in the biofilm after treatment, spent media and free-floating bacteria were removed by turning the plates over. The wells were vigorously rinsed a minimum of three times with DDW. Then the bacteria were collected and bacterial cultures were plated on TSB agar and incubated for another 24 h to observe the number of colonies. To visualize the bacterial killing effect, live/dead staining was carried out. Propidium iodide (PI) was used to stain the dead bacteria, and Syto green was applied to stain the live bacteria with red and green fluorescence, respectively. Briefly, after incubation with therapeutic agents for 24 h, the biofilm was thoroughly washed and the medium was replaced with fresh PBS, which contained PI (0.05 mg mL^--1^) and Syto green (4.5 μM). After incubation for 20 min at 37 °C, the fluorescent dye was washed away and the fluorescence of bacteria was observed by confocal laser scanning microscopy (CLSM). The ratio of green/red fluorescence was calculated with ImageJ. The penetration ability of the assemblies was explored with RITC-labeled assemblies. Similarly, the mature biofilm was incubated with RITC-labeled assemblies (200 μg mL^--1^) for 2 h, followed by fixation with 4% paraformaldehyde for 10 min. After fixation, the biofilm was washed twice and then stained with Hoechst 33258 for 10 min. Next, the dye was washed away and the biofilm was observed by CLSM to explore the penetration of assemblies into the biofilm.

In Vivo Antibiofilm Tests {#sec4.6}
-------------------------

Animals were maintained under the guidelines of the National Institute Guide for the Care and Use of Laboratory Animals, and all of the animal studies were approved by the Institutional Animal Care and Use Committee of Zhejiang University. In vivo antibiofilm tests were performed on 6-week-old female balb/c mice (purchased from Shanghai SLAC Laboratory Animal Co., Ltd.) that were first rendered neutropenic by cyclophosphamide pretreatment (150 mg kg^-1^ and 100 mg kg^-1^ 96 and 24 h before infection, respectively). Infection was introduced by injecting bacteria (1 × 10^12^ cells in 100 μL of saline solution) intramuscularly on the right thigh of a mouse and was allowed to develop for 24 h before therapy. Then these model mice were treated with rAgNAs, uAgNAs, vancomycin, PEG-PSB-PALA, or PBS. During the 10 days of treatment, mice were weighed and scored every 24 h. Moreover, ultrasonic imaging was performed to analyze the development of the infected thighs. Mice were sacrificed after treatment, and thighs were removed and homogenized in PBS. Homogenates were serially diluted, and samples were plated on TSB agar and incubated for another 24 h. The number of colony-forming units on the agar was counted. The serum of mice was collected to evaluate the serum biochemicals including alanine aminotransferase (ALT), aspartate aminotransferase (AST), and blood urine nitrogen (BUN) along with the serum TNF-α level. Thighs and major organs were collected after treatment and fixed with 10% formalin solution. The fixed tissues were embedded into paraffin and cut into slices. The slices of thighs were stained with Gram stain to check the morphology of bacteria. Hematoxylin and eosin (H&E) staining was performed for the histopathology evaluation.

Statistical Analysis {#sec4.7}
--------------------

Data are presented as the mean ± SD unless otherwise specified. One-way ANOVA analysis is used for multiple-group comparison by Prism 6. *P* \< 0.05 is considered to be a statistically significant difference.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.9b00359](http://pubs.acs.org/doi/abs/10.1021/acscentsci.9b00359).Additional results as described in the main text including the characterization of PEG-PSB-PALA, the extra characterization of rAgNAs, the characterization of uAgNAs, and in vivo exploration and biocompatibility studies ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.9b00359/suppl_file/oc9b00359_si_001.pdf))
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